Raman spectrometers are being miniaturized for future life-detection missions on Mars. Field-portable Raman spectrometers, which have similar spectral parameters to the instruments being developed for Mars rovers, have been used to examine extant biosignatures, but they have not yet been used to examine ancient biosignatures. Here, a portable Raman spectrometer was used to analyze an Ordovician stromatolite at the outcrop, revealing both its mineralogy and the presence of sp 2 carbonaceous material. As stromatolites are often used as proof of the presence of life in Archean rocks and are searched for on Mars, the ability to analyze them in the field with no sample preparation has important ramifications for future Mars missions. However, these results also reveal that a 785 nm excitation source, rather than the 532 nm excitation source planned for future missions, might be a better choice in the search for fossil biosignatures.
Introduction
S tromatolites are laminated accretionary lithified structures with morphologies ranging from simple domes to complex digitate forms. Although not without controversy (Grotzinger and Knoll, 1999) , stromatolites are often interpreted as the oldest macroscopic evidence of life on Earth (e.g., Lowe, 1980; Hofmann et al., 1999; Allwood et al., 2006a) , an interpretation predicated on the assumption that these rocks are formed by microbial mats trapping, binding, and/or precipitating minerals. Stromatolites are also a frequently named target of life-detection missions on Mars (e.g., McKay and Stoker, 1989; Walter and Des Marais, 1993; Ellery et al., 2004; Clarke and Stoker, 2013) . Many studies of ancient stromatolites are solely geological, examining characteristics such as field relationship of the stromatolites, their distribution through time, and morphology and mineral textures of the laminations visible at the macro-and microscale (e.g., Lowe, 1980; Hofmann et al., 1999; Allwood et al., 2006a) . Some researchers have examined the chemistry of the stromatolites, including their isotopic composition (Fairchild et al., 1990) , trace element composition (Kamber and Webb, 2001) , and valence state (Brotton et al., 2007) . In more recent years, researchers have used benchtop Raman instruments coupled to an optical microscope, a nondestructive technique that allows the identification of minerals, including carbonaceous material, in situ, to examine the mineralogy and the molecular structure of carbonaceous material of ancient (Allwood et al., 2006b (Allwood et al., , 2009 Lepot et al., 2008 Lepot et al., , 2009 ) and modern (WynnWilliams and Edwards, 2000; Pentecost and Edwards, 2002) stromatolites.
As Raman spectroscopy can provide chemical information about a sample quickly and nondestructively, it has been proposed as an ideal instrument for Mars missions. In fact, the ESA/NASA ExoMars planetary mission proposed for launch in 2018 will contain a miniaturized Raman spectrometer (the Raman Laser Spectrometer, RLS) as part of the Pasteur payload, with the goal of investigating mineralogy and searching for organic compounds (Vago et al., 2006) . Additionally, NASA is also developing a miniaturized Raman spectrometer for a future Mars mission. Benchtop Raman spectrometers have shown themselves to be a useful technique to examine stromatolites, but thus far no one has analyzed a stromatolite with a miniaturized Raman spectrometer. As the spectral parameters for the miniaturized Raman spectrometers being prepared for Mars missions are similar to those of current portable Raman systems in the market, field spectrometers can provide important constraints on the type of information that can be expected from a miniaturized instrument on Mars. Here, we present data collected in the field with a portable Raman spectrometer on an Ordovician stromatolite, demonstrating both the utility and the limitations of this technique in assessing stromatolites as a biosignature on Mars.
Materials and Methods

Geological setting
The analyzed stromatolite was found in an outcrop of the basal Ordovician Gunter Sandstone Member of the Gasconade Dolomite in Reynolds County, Missouri (37°15¢42 †N, 9°6¢17 †W) (Fig. 1) , locality 5 in the work of Howe (1966) . In general, the Lower Ordovician rocks of Missouri, including those of the Gasconade Dolomite, contain mineralogical and paleontological signs of having been deposited in warm, shallow, often hypersaline environments, and paleogeographic reconstructions place the region between 10°S and 25°S at the time of deposition (Overstreet et al., 2003) . This environment is quite similar to that predicted as ideal for stromatolites in the Phanerozoic, as the hypersalinity excludes many organisms that would otherwise graze on and disrupt a microbial mat, preventing the formation of stromatolites (Walter, 1976) . The stromatolite analyzed is domical and contains relatively fine laminations (Fig. 2) .
To confirm the identification of carbonaceous material found in the stromatolite, data were also collected on a Neoproterozoic black shale from the Vazante Formation and an Archean black chert from the Strelley Pool Chert. Details on the geological history of each sample are in the work of Olcott et al. (2005) and Marshall et al. (2007) , respectively.
Raman instrumentation and measurements
The DeltaNu RockHound is a lightweight field-portable miniaturized Raman spectrometer that weighs 2.26 kg and operates for approximately 5 h on a rechargeable battery. The system has a simple point-and-shoot attachment, which is used to obtain Raman spectra on a variety of solid materials over the Raman shift 200-2000 cm -1 spectral region. The point-and-shoot attachment comes with a nose-cone attachment that eliminates stray ambient light. This instrument is operated remotely from a PC laptop (e.g., 100 m) with Bluetooth technology. The system has a thermoelectrically cooled charge-coupled device detector, a diode laser of 120 mW with a continuous excitation wavelength at 785 nm. The laser spot size is 35 lm and is focused and simultaneously viewed on a discrete portion of the sample. The instrument has an 8 cm -1 spectral resolution. The DeltaNu NuSpec software operates the system and spectral acquisition. All the spectra were collected for 1 s, 1 accumulation and baseline corrected. Spots selected for analyses were well away from the lichen growing on the stromatolite (Fig. 2) .
Results
Field Raman spectrometers produce data that are much noisier than what a benchtop spectrometer produces (e.g., Miralles et al., 2012; Vitek et al., 2012) . This is partially due to the collection parameters; in the field, spectra are collected for 1 s and 1 accumulation, while desktop instruments often collect data for tens of seconds and multiple accumulations (e.g., Marshall et al., 2011) . Although field Raman spectrometers are capable of interrogating samples for longer spectral acquisition times, it is difficult for the operator in the field to 
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hold the handheld instrument steady at an outcrop for any period of time longer than 1 s. In addition, this short period of excitation time limits the amount of laser absorption of the sample, thus minimizing sample heating and potential photochemical transformations of the sample. A study by Som and Foing (2012) on biological organic material from lichen shows that five 5 s exposures at 31 mW (medium setting laser power) resulted in the thermal degradation and photochemical transformation of the original composition of the organic material. Hence, aside from practical reasons of holding the instrument stable at an outcrop, we carried out all analyses using one 1 s integration time with low laser power to avoid photochemically induced transformations of the material analyzed. Figure 3 shows representative spectra acquired from a siliceous region of the stromatolite. The band at ca. 464 cm -1 in this spectrum is assigned to the m s Si-O-Si symmetric stretching mode (A 1 symmetry mode) of a quartz.
In contrast, Fig. 4 shows a region of the stromatolite where finely disseminated carbonaceous material has been preserved. Although the spectra have a low signal-to-noise ratio, which is typical of data collected on black minerals with a portable unit that uses an excitation source of 785 nm , these representative spectra show a narrow low-intensity band at ca. 464 cm -1 assigned to the m s Si-O-Si symmetric stretching mode (A 1 symmetry mode) of a quartz and, additionally, two broad strong intensity bands at ca. 1280 and 1540 cm -1 assigned to the D and G bands of disordered/polycrystalline sp 2 carbonaceous material, respectively. The G band is assigned to a stretching mode of any pair of sp 2 hybridized carbon atoms in rings, which corresponds to E 2g2 symmetry, whereas the D band is assigned to a breathing mode of sp 2 hybridized carbon atoms in six-fold aromatic rings that becomes Raman active with disorder (i.e., lattice discontinuities or structural defects) or decreasing crystallite size, which corresponds to an A 1g symmetry mode. More often than not in Raman spectroscopy, the energy and hence frequency difference between the incident and the inelastically scattered light (Raman) is independent of the wavelength of the excitation laser. However, sometimes this not the case, and in particular for Representative spectra from disseminated carbonaceous material shows a narrow low-intensity band at ca. 464 cm -1 assigned to the m s Si-O-Si symmetric stretching mode (A 1 symmetry mode) of a quartz and two broad intensity bands at ca. 1280 and 1540 cm -1 assigned to the D and G bands of disordered/polycrystalline sp 2 carbonaceous material, respectively. disordered sp 2 carbonaceous materials the vibration modes will shift with excitation wavelength. These vibration modes are termed dispersive. By and large the D band and to a smaller extent the G band are dispersive; they will undergo a lowering in Raman shift (blue shift) with increasing frequency of the excitation wavelength. When the Raman analysis is carried out with a laser excitation wavelength at 785 nm, the positions of the G and D bands can generally be located in the 1520-1540 cm -1 and 1240-1320 cm -1 Raman shift ranges, respectively (Ferrari and Robertson, 2004) . To verify that these bands represented blue-shifted carbonaceous material, we also used the DeltaNu RockHound to analyze two carbonaceous rocks we had previously analyzed with a benchtop Raman spectrometer (Marshall et al., 2007; Olcott Marshall et al., 2009) . The spectra obtained from these samples also are shifted, with the G band at ca. 1580 cm -1 and the D band at ca. 1280 cm -1 (Fig. 5) . Although there are modern lichen growing on parts of the outcrop, the spectra we collected are not typical of lichen (Fig. 6) . Although the spectra collected on the lichen have low signal-to-noise ratio, it is comparable with that collected on other lichen by Som and Foing (2012) and hydrated lichen by Jorge-Villar et al. (2011) . In contrast to the spectra acquired on disordered sp 2 carbonaceous material (Figs. 4 and 5), the spectra acquired from the lichen show multiple bands assigned to functionalized biomolecules of extant organisms (Fig. 6) . The Raman spectra of chlorophyll show many strong bands in the range 800-1800 cm -1 that are mainly due to the d(CH 3 ) bend, d(CH) bend, and m(C-O), m(C-C), m(C-N) stretch vibrations. The bands at 1194, 1385, 1462, 1640 cm -1 are assigned to chlorophyll vibration modes, which are similar to the spectra collected from lichen by Som and Foing (2012) .
Discussion
The Raman spectra collected reveal not only the mineralogy of the stromatolite but also the presence of disordered sp 2 carbonaceous material. The lineshape of the carbon firstorder region spectrum indicates geologically thermally altered carbonaceous material ( Jehli cka and Beny, 1992) and is not consistent carbonaceous material sourced from modern contamination, such as might be expected from the lichen (Fig. 6) found on some of the outcrop. The spectrum shown in Fig. 6 contains multiple bands due to functionalized organic material, which clearly indicates that the disordered sp 2 carbonaceous material (Fig. 4) is not a photochemical transformation product of the lichen biomolecular material present on some of the stromatolite.
These data also reveal that it is possible for carbonaceous material preserved in stromatolites to be analyzed in the field, without the need to prepare or collect the samples. Although the presence of carbonaceous material is not, in and of itself, sufficient to prove the biogenicity of a sample (Pasteris and Wopenka, 2003) , some believe the combination of stromatolitic morphology and carbonaceous material is suggestive of the fact that the stromatolite was formed by biological processes (Allwood et al., 2006b (Allwood et al., , 2009 Lepot et al., 2008 Lepot et al., , 2009 ). Finally, this study reveals the utility of portable Raman spectrometers in astrobiological investigations of fossil material. Previously, portable Raman spectrometers have been used to investigate pigment molecules from extant microbes in martian analog environments such as Antarctica (Dickensheets et al., 2000; Edwards et al., 2003) , hypersaline environments in the Atacama Desert (Vitek et al., 2012) , and arid regions in the Tabernas Desert (Miralles et al., 2012) . Additionally, they have been used to investigate nitrogen compounds, both natural and introduced, in a variety of environments 
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2012; Edwards et al., 2010; Jehli cka et al., 2010a Jehli cka et al., , 2010b Jehli cka et al., , 2010c Jehli cka et al., , 2010d Vitek et al., 2011) and minerals ( Jehli cka et al., 2009a ( Jehli cka et al., , 2009b . However, until this study, a portable Raman system had not been used to investigate potential biosignatures in ancient fossilized material.
Relevance for Mars exploration and future instrument development
The spectral parameters of the DeltaNu RockHound and the ExoMars RLS are similar. The DeltaNu RockHound has a spot size of 35 lm and covers the Raman shift region from 200 to 2000 cm -1 with a spectral resolution of 8 cm
, and the RLS will have a spot size of 50 lm and will cover the Raman shift region from 150 to 3800 cm -1 with a spectral resolution of 6 cm -1 in the fingerprint region below 2000 cm -1 and 8 cm -1 resolution above this region (Vago et al., 2006) . However, there is one important difference between the two instruments: the wavelength of the excitation laser. The DeltaNu RockHound has a 785 nm laser, while the RLS will have a 532 nm laser. This wavelength was selected primarily to identify minerals, although it has also been shown useful when identifying some carotenoids in their biological form (Vitek et al., 2012) . However, when aliphatic macromolecules, including thermally immature kerogens, biopolymers, and microfossils, are analyzed by Raman spectroscopy with an excitation at 532 nm, their Raman bands are commonly obscured by intense fluorescence, due to their saturated carbon-hydrogen structures (C-H) (Marshall et al., 2010) . As the Raman effect has a very small quantum, when exciting radiation of the visible range is applied, the weak Raman lines are overlaid by the fluorescence radiation emitted from the aliphatic macromolecule. The intensity maximum of fluorescence, the emission of light with a longer wavelength than the incident light and an electronic effect with a longer lifetime than the Raman effect, is located between 300 and 700 nm (Marshall et al., 2010) . Thus, if the goal is to analyze fossil, thermally immature carbonaceous material, 785 nm is a better choice of excitation wavelength, as it does not produce a fluorescence effect (Fig.  4) . Additionally, biological compounds can still be detected with a 785 nm excitation wavelength (e.g., Culka et al., 2011) . Another advantage of using a 785 nm wavelength of excitation is that longer-wavelength near-IR Raman instruments can probe deeper beneath the sample surface than shorterwavelength UV, blue, and green excitation wavelength systems. In a geobiological system, the increased depth of laser penetration afforded by near-IR excitation Raman instruments is useful when analyzing ancient stromatolites that are most likely covered by a depositional patina of significantly younger origin.
Although, of course, the question of whether there is or ever has been life on Mars is yet unresolved, many have suggested that if Mars does contain a record of life, it will be a record of ancient life, not of recent life (McKay and Stoker, 1989) . Early Mars and Earth seemed to have shared a similar climate and atmosphere; thus many think it is possible that early Mars could have hosted life as well. Additionally, the Curiosity rover has found evidence of ancient habitability (Kerr, 2013; Showstack, 2013) but has failed to find atmospheric methane, the presence of which is thought to be a sign of an extant biota (Hand, 2012) . Thus, in the hunt for biosignatures on Mars, it may be more useful to implement a Raman spectrometer that can detect geological forms of organic matter, rather than one that can detect the biological form.
Conclusion
For the first time, preserved carbonaceous material has been identified within a stromatolite by a portable Raman spectrometer. This finding has important ramifications for the search for ancient life on Mars, as it demonstrates that it is possible to detect ancient organic material in a rock without having to collect, prepare, or thin section the rock. This also has implications in our hunt for ancient life on Earth, as a portable Raman spectrometer can act as a screening tool in the field to identify for collection the samples most amenable for further analyses in a laboratory.
